The Stylidium caricifolium (Stylidiaceae) complex consists of seven currently recognized species and a taxon of putative hybrid origin endemic to southwest Western Australia. These taxa vary in geographical distribution from widespread, extending over a range of 500 km, to extremely localized, covering a range of only 0.5 km. Patterns of allozyme variation were investigated in 61 populations covering all taxa and two closely related species. Measures of genetic diversity were consistently lower and in some cases significantly lower in four rare and geographically restricted taxa compared with their widespread relatives. In contrast, genetic diversity in two other localized taxa was comparable or higher than in the widespread taxa. The level of divergence among populations was moderate to high, with a significant trend of higher F ST values for the widespread species to lower values for the geographically restricted and rare taxa. Phylogenetic relationships and levels of divergence indicate that most taxa are probably relictual rather than recently evolved. Geographical localization and rarity in this complex can be attributed to a range of factors associated with habitat specificity, historical and ecological processes that characterize the southwest region, and mode of origin.
Narrow geographic range is one of a number of key factors that characterize rare species (Rabinowitz, 1981; Fiedler and Ahouse, 1992; Fiedler, 1995; Gaston, 1997) and often indicates increased vulnerability to extinction. Predictions regarding the genetic consequences of a restricted geographic range generally follow genetic theory for small populations occupying a narrow range of environments. Genetic processes associated with restricted geographic range and rarity in plants have received significant attention over the last decade (see Karron, 1987; Hamrick and Godt, 1989; Barrett and Kohn, 1991; Ellstrand and Elam, 1993; Gitzendanner and Soltis, 2000) . Theoretically, geographically restricted and rare plants might be expected to show low levels of genetic variation both within species and within populations due to selection under a narrow range of environmental conditions and genetic drift and inbreeding in small isolated populations (Barrett and Kohn, 1991; Ellstrand and Elam, 1993) . Low genetic variation within geographically restricted species may also be due to founder events associated with recent speciation (Gottleib, 1981; Loveless and Hamrick, 1988) . Assuming an isolation by distance model, geographically restricted species might also show less genetic structure across their range than widespread species (Hamrick and Godt, 1989; Godt and Hamrick, 1999) . Broad comparisons between geographically restricted and widespread species have indicated that some trends are evident, with geographically restricted species tending to have less genetic variability than widespread species (Hamrick and Godt, 1989) . More specific studies comparing geographically restricted and rare species with their widespread congeners show that the former often have significantly lower levels of genetic variation (Karron, 1987; Gitzendanner and 2000). However, it is also evident that there are notable inconsistencies. A number of more recent studies provide evidence of conflicts with these trends, with some geographically restricted and rare species having levels of genetic diversity similar to their widespread congeners (Edwards and Wyatt, 1994; Young and Brown, 1996; Ge et al., 1999) . The flora of southwest Western Australia provides a unique opportunity to investigate evolutionary and genetic processes associated with restricted geographical range given that a significant proportion of the high floristic diversity in this region consists of rare and geographically restricted species. Fewer species are widespread with a high proportion of species having localized distributions and often occurring in allopatric or parapatric replacement series with close relatives (Hopper, 1992; Cowling et al., 1994; Gibson et al., 2000) . Although some of these are no doubt geographically restricted and rare due to recent widespread land clearing and habitat destruction, many appear to be rare due to evolutionary and ecological processes that characterize this region.
The flora of southwest Western Australia is recognized for its remarkable diversity and endemism and is one of the world's vascular flora biodiversity hotspots (Mittermeier et al., 1998) . A range of historical processes are thought to have contributed to both rarity and local endemism. The region is characterized by a diverse array of evolutionary patterns, combining refugial species in higher rainfall areas with fragmented relictual species and suites of newly derived taxa in the more arid areas (Hopper et al., 1996) . Compared with many other floras, particularly in North America and Europe, this flora has persisted for an extremely long period, probably well into the Cretaceous, without any large-scale extinction episodes associated with glaciation (Hopper et al., 1996) . In addition, widespread climatic and habitat instability have been experienced in this region since the late Tertiary leading to cyclic expansion and contraction of the mesic and arid zones (Hopper, 1979; Hopper et al., 1996) . Significant recent speciation is [Vol. 90 AMERICAN JOURNAL OF BOTANY postulated to have occurred during this period particularly through the semiarid transitional rainfall zone of the SouthWest Botanical Province (Hopper, 1979) . However, there is also increasing palaeobotanical evidence that a relatively high proportion of the flora is more ancient (McLoughlin and Hill, 1996; McLoughlin and McNamara, 2001) . Thus it seems likely that a second consequence of the climatic instability since the late Tertiary has been the extinction of many relictual species throughout much of their range. These species now persist in geographically restricted and fragmented or disjunct population remnants.
Apart from palaeobotanical support for the antiquity of sections of the flora, population genetic studies also have provided evidence for relatively ancient fragmented population systems within some species and species complexes. Recent gene flow between populations either by long-distance seed dispersal or pollen movement probably has been limited or absent for a long period. A likely consequence is significant genetic differentiation between populations, with any phylogenetic similarity being due to common ancestry rather than any ongoing process of genetic exchange. Evidence for this comes primarily from isozyme studies (Broadhurst et al., 1999; Coates, 2000) and cpDNA studies (Byrne et al., 1999 (Byrne et al., , 2001 (Byrne et al., , 2002 in fragmented geographically restricted and rare species. These studies show significant levels of genetic divergence between populations and indicate that genetic processes associated with historical eco-geographic barriers to gene flow have led to the formation of distinct evolutionary lineages within many of these species.
Currently 221 taxa of Stylidium are recognized from Australia and southeast Asia (Wagstaff and Wege, 2002) . Of these, some 70% occur only in the South-West Botanical Province of Western Australia, highlighting this area as the major center of triggerplant evolution (James, 1979) . Atkins (2001) lists 55 taxa as rare and or geographically restricted. The Stylidium caricifolium complex consists of seven closely related species and a taxon of putative hybrid origin endemic to the SouthWest Botanical Province. These species vary in geographical distribution from widespread to extremely localized and rare, in some cases consisting of one or a few populations covering a few kilometers. This study was initiated to assess whether genetic variation and genetic structure are reduced in rare and geographically restricted species compared with closely related widespread species and to investigate evolutionary patterns within and between chromosomally different taxa in this complex.
MATERIALS AND METHODS
Species, distributions, and habitat-Seven species are currently recognized within the Stylidium caricifolium complex-S. affine, S. caricifolium, S. chiddarcoopingense, S. maritimum, S. nungarinense, S. sejunctum, and S. wilroyense (see Lowrie et al., 1998, 1999 )-which covers a significant proportion of the South-West Botanical Province in Western Australia (Fig. 1) . They are all relatively short-lived, insect-pollinated herbaceous perennials. Stylidium flowers are protandrous and are characterized by a touch-sensitive column that ''triggers'' when contacted by the insect, effecting pollination before resetting. Pollinator behavior can lead to high levels of geitonogamous selfpollination (Banyard and James, 1979; Burbidge and James, 1991) . However, effective outcrossing is maintained in most perennial triggerplants because of a significant reduction in seed set following self-pollination due to post-zygotic seed abortion (see Burbidge and James, 1991) .
Species in the complex are found in a diversity of habitats, from coastal dune systems (S. maritimum), to high rainfall eucalypt forest (S. affine), through to semi-arid eucalypt woodland and shrublands (S. sejunctum). All species have allopatric or parapatric distributions, with S. caricifolium and S. affine the only exceptions that have relatively large zones of parapatry where hybridization has also been documented (Coates and James, 1996) . A number of taxa are extremely closely related. Carlquist (1969) suggested that S. affine, S. caricifolium, and S. nungarinense differ only at the subspecific level and that S. maritimum is conspecific with S. affine. Another taxon, Stylidium sp. (Clackline), thought to be a stabilized hybrid derivative of S. affine and S. caricifolium, also is known from a geographically restricted area between the two putative parents (Coates and James, 1996) . With the exception of S. nungarinense and S. chiddarcoopingense, species within the complex have very different chromosome complements (Fig. 1) including, in a number of cases, different chromosome numbers (Coates, 1982 (Coates, , 1995 Coates and James, 1996) . Stylidium nungarinense and S. chiddarcoopingense show only minor karyotypic differences.
Three species have relatively widespread distributions (S. affine, S. caricifolium, and S. nungarinense [ Fig. 1] ) and are generally abundant where they occur. There is a clear disjunction in the distribution of S. nungarinense, with the Wongan Hills populations isolated from the main distribution to the southeast (Fig. 1) . The other species in the complex show geographically restricted distributions. Of these, S. maritimum has the largest geographic range but occurs in a series of fragmented populations restricted to a narrow strip of coastal dunes. Stylidium sejunctum is restricted to a series of banded ironstone hills, while the most restricted taxa, S. chiddarcoopingense and S. wilroyense, have geographic ranges of only a few kilometers. All the geographically restricted taxa could be regarded as rare based on their limited geographic range, few populations, and restricted habitat (see Fiedler and Ahouse, 1992; Gaston, 1997) . Stylidium albomontis and S. pilosum, two other species related to the S. caricifolium complex, were included in this study primarily to provide outgroup comparisons for the phylogenetic studies.
Isozyme electrophoresis-Immediately prior to flower opening and anthesis, buds were collected from 10 to 50 plants from 57 populations covering all taxa within the complex. Bud material also was collected from an additional four populations, two each from two other species (S. albomontis and S. pilosum), considered to be closely related to the S. caricifolium complex. These species were included to provide outgroup comparisons for the phylogenetic studies.
The triggerplant column consisting of fused anthers and stigma was dissected from a single bud from each plant and prepared for isozyme analysis. A modification of the grinding buffer of Systma and Schaal (1985) gave the best results (50 mg/mL PVP, 0.8 mmol/L NAD, 0.4 mmol/L NADP, 1.0 mmol/ L EDTA, 1.0 mmol/L ascorbic acid, 0.01 gm bovine serum albumin, 1 gm sucrose in 10 mL Tris-HCl PH 7.5, and add 20 L ␤-mercaptoethanol). Our isozyme methods using the Helena Laboratory cellulose acetate plate electrophoresis system were described previously by Coates (1988) .
Ten enzyme systems were assayed: aspartate aminotransferase (AAT, Enzyme Commission [E.C.] number 2.6.1.1), alcohol dehydrogenase (ADH, E.C. 1.1.1.1), glucose-6-phosphate dehydrogenase (G6PDH, E.C. 1.1.1.49), glucose phosphate isomerase (GPI, E.C. E.C. 5.3.1.9), glutamate dehydrogenase (GDH, E.C. 1.4.1.2), isocitrate dehydrogenase (IDH, E.C. 1.1.1.42), leucine aminopeptidase (LAP, 3.4.17.1), malate dehydrogenase (MDH, 1.1.1.37), phosphoglucomutase (PGM, E.C. 2.7.5.1), and phosphogluconate dehydrogenase (PGD, E.C. 1.1.1.44). Sixteen zones of activity were scored, and each zone was assumed to represent a single locus. Sixteen polymorphic loci were detected (Aat-1, Aat-2, .
Data analysis-Data analyses were performed using the computer program POPGENE (Yeh and Boyle, 1997) . The mean number of alleles per locus (A), percentage polymorphic loci (P p ), observed heterozygosity (H o ), and gene diversity (expected panmictic heterozygosity) (H e ) were estimated at the population level and species level. Fixation indices (F IS ) (Wright, 1978) were estimated to examine population deviation from random mating. Differences in genetic variation between taxa at the population levels were determined using t test for P p and nested analysis of variance (ANOVA) for A, H e , and Fig. 1 . Distributions, karyotypes, and sampled populations for taxa in the Stylidium caricifolium complex and two closely related taxa, S. pilosum and S. albomontis. Because Stylidium sp. is chromosomally polymorphic, a representative karyotype is not given for it (Clackline) (see Coates and James, 1996 Interpopulation divergence was estimated using Nei's (1978) unbiased genetic distance (D) and F ST using the estimator (Weir and Cockerham, 1984) . In the case of S. nungarinense, D was calculated separately for the two disjunct population groups. Separate estimates of F ST were made for each taxon, including the two S. nungarinense population groups, as described by Weir and Cockerham (1984) . The relationship between the geographic range and interpopulation divergence in a taxon, based on F ST and D, was investigated by linear regression analysis.
Patterns of isolation by distance were investigated in the two most widely distributed taxa S. caricifolium and S. affine. The patterns observed should reflect the relative influences of gene flow and drift as populations become more geographically separated. The approach proposed by Hutchinson and Templeton (1999) was used to investigate the level of association between genetic and geographic distance and whether the populations within the species have achieved equilibrium. Measures of F ST and straight-line geographic distances were determined for all pairwise comparisons between the 18 S. caricifolium populations and 14 S. affine populations. Because the pairwise components of the distance matrices are not independent, the statistical significance of the association between geographic distance and F ST was tested by a Mantel randomization test based on 5000 iterations (Mantel, 1967) . To determine whether the degree of scatter shown in scatterplots increases with geographic distance and that the populations are in drift gene flow equilibrium (see Hutchinson and Templeton, 1999) , the residuals from the linear regression of F ST on geographic distance were correlated with geographic distance. Again the significance of the association was determined by a Mantel test based on 5000 iterations.
Both UPGMA and maximum likelihood methods were used to determine genetic relationships between all populations and taxa. The UPGMA analysis was based on Nei's unbiased genetic distance. Using the program GENDIST in the PHYLIP computer package (PHYLIP 3.4c; Felsenstein, 1995) a pairwise distance matrix was generated from gene frequency data and a UPGMA phenogram constructed using NEIGHBOR. A maximum likelihood tree, using gene frequency data, was constructed using the program CONTML in PHY-LIP. Robustness of the UPGMA and maximum likelihood trees was determined by constructing 100 bootstrap replicates of the distance matrix for the UPGMA and the gene frequency data for the maximum likelihood tree with SEQBOOT in PHYLIP. These bootstrapped data sets were then run through NEIGHBOR and CONTML, respectively, and then a majority-rule consensus tree was generated in the PHYLIP program CONSENSE for each method.
To further investigate genetic relationships between populations within selected taxa, and any association with geographical patterns, UPGMA and continuous character maximum likelihood analyses were carried out on populations of the three most widely distributed species: S. affine, S. caricifolium, and S. nungarinense. The best tree topology (shortest tree length) produced by the previous two methods was then evaluated using a modified Wagner method (FREQPAR) (Swofford and Berlocher, 1987) that applies the principal of parsimony to gene frequency data. Because the FREQPARS program has a limited ability to search for the tree with the shortest length, Swofford and Berlocher (1987) indicate that the program is more useful in its current form as a means of evaluating tree topologies produced by other methods. Although other trees were generated and tested in FREQPARS, the UPGMA or maximum likelihood trees always gave the shortest tree length for population relationships within the three species.
RESULTS
Genetic variation within populations and species-Most allozyme loci were polymorphic within taxa and in many cases polymorphic within populations. The exceptions were Gdh-1 and Idh-1, which showed fixed differences between some taxa and the occasional polymorphism within a few populations of the widely distributed species S. affine, S. caricifolium, and S. nungarinense.
There were no significant differences between two most widespread taxa, S. caricifolium and S. affine, in the mean population estimates for A, H o , and H e (Table 1) , although P p was significantly higher (P Ͻ 0.05) in S. caricifolium (Table  2 ). The only geographical trend observed was moderately lower levels of genetic diversity in the more peripheral southeastern populations (35, 36, 37; Fig. 1 ) of S. caricifolium and the geographically isolated population (16; Fig. 1 ) of S. affine. Based on the phylogenetic studies S. nungarinense appears to consist of two separate taxa, the widespread S. nungarinense (southern) and the rare and geographically restricted S. nungarinense (Wongan). No significant differences were observed in any single locus diversity measure between S. nungarinense (southern) compared with the other widespread taxa, S. affine and S. caricifolium.
In the rare and geographically restricted taxa, genetic diversity measures revealed two distinct patterns (Tables 1 and  2 ). Population levels of genetic diversity were comparable in S. chiddarcoopingense, S. maritimum, S. sejunctum, and S. nungarinense (Wongan) but consistently lower than in the widespread S. affine, S. caricifolium, and S. nungarinense (southern). The one exception was a significantly higher polymorphism in S. chiddarcoopingense compared with S. sejunctum. In S. chiddarcoopingense H o was significantly lower than in S. nungarinense (southern). In S. maritimum, H e and H o were significantly lower than in S. affine, and A, H e , and H o significantly lower than in both S. caricifolium and S. nungarinense (southern). In S. sejunctum H o was also significantly lower than in S. nungarinense (southern).
In contrast, genetic diversity levels in populations of the two remaining geographically restricted taxa S. sp (Clackline) and S. wilroyense were similar and consistently higher than in other taxa. With the exception of S. nungarinense (southern), some or all genetic diversity measures were significantly higher in S. sp. (Clackline) than in all other taxa (Table 2 ). In S. wilroyense, A was significantly higher than in S. affine, S. nungarinense (Wongan), S. maritimum, and S. sejunctum, while H e and H o were significantly higher than in S. maritimum.
Population level estimates of genetic variability in the two outgroup species generally were lower than taxa in the S. caricifolium complex. However, sample sizes for each of the two populations studied in these species were small and would need to be increased before robust comparisons could be made with other taxa.
The species/taxon level estimates A, P p , and H e (Table 1) were consistently higher for the widespread taxa, S. affine, S. caricifolium, and S. nungarinense (southern), compared with the rare and geographically restricted taxa, with the exception of S. sp (Clackline). Again taxon level estimates for S. albomontis and S. pilosum were lower than taxa in the S. caricifolium complex. Although this may reflect a real trend in these species, population sample sizes would need to be improved.
With the exception of population 26 in S. caricifolium and population 61 of S. pilosum, all population fixation indices (F IS ) were equal to or greater than zero. There was generally a broad range in F IS values, particularly in the widespread S. caricifolium (Ϫ0.05 to 0.38) and S. affine (0.08 to 0.39). The values ranged across species from a mean of 0.31 in S. chiddarcoopingense to 0.14 in S. maritimum and to 0.11 in the more distantly related S. pilosum. The highest fixation indices were found in populations of the geographically restricted species S. chiddarcoopingense and S. sejunctum, with values consistently higher across all populations of these two taxa. In contrast, lower F IS values were found in populations of all other rare taxa, particularly in S. maritimum and S. wilroyense.
Population genetic structure-Differentiation between populations of S. nungarinense was extremely high (Table 3) . It is largely attributed to major allele frequency differences at two loci (Lap-1 and Pgd-2) and fixed allele differences at three loci (Adh-1, Adh-2, and Aat-1) between the two disjunct population groups S. nungarinense (Wongan) and S. nungarinense (southern). In comparison, the average levels of differentiation between populations within the other species were moderate. There was a significant correlation between the level of divergence among populations within taxa and geographic range for both (R 2 ϭ 0.636, P ϭ 0.018) and D (R 2 ϭ 0.567, P ϭ 0.031) with higher values for the more widespread taxa S. caricifolium, S. affine, and S. nungarinense (southern) to lower values for the more geographically restricted taxa S. chiddarcoopingense, S. maritimum, S. nungarinense (Wongan), S. sejunctum, and S. sp (Clackline) ( Table 3) .
The scatter diagram for populations covering the range of S. caricifolium indicated a highly significant positive relationship between F ST and geographical distance ( Fig. 2 ; R 2 ϭ 0.5497, P Ͻ 0.001). A significant positive correlation also exists between the residuals, obtained from a linear regression of F ST against geographic distance and geographic distance (R 2 ϭ 0.1894, P ϭ 0.027) indicating a greater scatter of pairwise F ST -geographical distance points as geographical distance increases between populations.
In S. affine, the scatter diagram and regression analysis indicated a significantly positive association between F ST and geographic distance ( Fig. 2; R 2 ϭ 0.2244, P ϭ 0.019). However, the scatter diagram also showed two clusters of points, one at pairwise geographic distances less than 100 km and the other at pairwise geographic distances more than 200 km. These distance groups appear to correspond to pairwise comparisons between populations within vs. pairwise comparisons between populations among the two geographically and phylogenetically distinct population groups within S. affine . There was no correlation between the residuals, obtained from a linear regression of F ST against geographic distance and geographic distance (R 2 ϭ 0.0643, P ϭ 0.253). This indicates that there is no relationship between the scatter of pairwise F ST -geographical distance points as geographical distance increases between populations.
Phylogenetic geographical distribution associations between populations within the three widespread species S. affine, S. caricifolium, and S. nungarinense (Fig. 3) provided some indication of a north-south pattern of divergence among populations, although the degree of separation differed markedly between the three species. In S. caricifolium there was no clear phylogenetic pattern associated with geographic distribution except for the separation of populations northwest and southwest of the range. In S. affine, with the exception of population 17, there was separate clustering of the northern and southern populations, with the isolated population 16 showing intermediate affinities.
Two distinct population clusters were evident in S. nungarinense corresponding to the two disjunct population groups, S. nungarinense (southern) and S. nungarinense (Wongan). The level of divergence between these population groups (D ϭ 0.296), allopatric distribution and habitat differences suggest that they should probably be considered separate taxa. The closely related S. chiddarcoopingense populations also were included in this phylogeny and indicated that both S. nungarinense taxa are related less to each other than they are to S. chiddarcoopingense, while the level of divergence (D ϭ 0.108) between S. chiddarcoopingense and the S. nungarinense (southern) indicated that these two taxa are more closely related.
Phylogenetic patterns between all populations and species-With the exception of S. nungarinenese, the UPGMA (Fig. 4) and maximum likelihood tree (Fig. 5) showed that populations of each species cluster together. As expected, populations of S. albomontis and S. pilosum formed a separate group from the S. caricifolium complex taxa with 100% and 99% bootstrap support in the UPGMA and maximum likelihood trees, respectively. Divergence between S. albomontis and S. pilosum and all taxa within the complex generally was very high (Table 4) . Stylidium wilroyense was the most phylogenetically distinct taxon within the complex with levels of divergence between it and other taxa (Table 4) ranging from D ϭ 0.597 (S. affine) to D ϭ 0.877 (S. maritimum). Populations of S. maritimum also clustered separately from all other taxa in the UPGMA but were placed in a group with S. nungarinense and S. chiddarcoopingense in the maximum likelihood tree. Again the level of divergence between S. maritimum and all other taxa was relatively high with the lowest level (D ϭ 0.376) with S. nungarinense (Wongan). Stylidium nungarinense and S. chiddarcoopingense form a discrete cluster from the other taxa with the separate clustering and relative positions of the S. nungarinense (southern), S. nungarinense (Wongan), and S. chiddarcoopingense populations the same in both the UPGMA and maximum likelihood trees and as described previously for the population phylogenetic studies based on the FREQPAR analysis (Fig. 3) . The S. sejunctum populations are all placed as a separate group between the S. nungarinense taxa and S. affine and S. caricifolium.
Populations of the putative hybrid taxon, S. sp. (Clackline), formed a separate cluster intermediate in position, in both the UPGMA and maximum likelihood trees, between the putative parents S. affine and S. caricifolium. Divergence between S. sp. (Clackline) and the putative parents S. affine (D ϭ 0.175) and S. caricifolium (D ϭ 0.178) was comparable to the level of divergence between S. affine and S. caricifolium (D ϭ 0.186).
DISCUSSION
Geographic distribution and patterns of genetic variation-Taxa within the S. caricifolium complex show a range of geographic distributions but are phylogenetically closely related and are characterized by the same pollination system, similar seed dispersal mechanisms, self-compatiblility, and frequent geitogamous self-pollination (Coates, 1981; Burbidge and James, 1991) . These characteristics make it possible to readily investigate theoretical predictions of lower genetic diversity and reduced genetic structure for rare and geographically restricted taxa (Hamrick and Godt, 1989; Barrett and Kohn, 1991; Ellstrand and Elam, 1993) in this complex, while at the same time minimizing any confounding effects that may be associated with phylogenetic differences and differences in life-history attributes and breeding system (see Karron, 1987; Karron et al., 1988; Gitzendanner and Soltis, 2000) .
Population-based estimates of genetic diversity are relatively high for all taxa (Table 1 ) when compared to other out- crossing animal-pollinated and short-lived herbaceous perennials (Hamrick and Godt, 1989 ) but indicate significant differences in genetic variability between geographically restricted taxa and more widespread taxa. These findings are consistent with those of Hamrick and Godt (1989) , who found that geographic range accounted for a major proportion of variation in both species and populations. Thus the two most widespread and common species, S. caricifolium and S. affine, showed consistently, and in a number of cases significantly, higher levels of genetic diversity than the geographically restricted species S. chiddarcoopingense, S. maritimum, and S. sejunctum. In comparisons with the other relatively widespread species, S. nungarinense also showed a similar pattern, although they were complicated by the phylogenetic evidence suggesting that this species consists of two different taxa: the more widespread S. nungarinense (southern) and the rare and geographically localized S. nungarinense (Wongan). Genetic diversity levels were significantly lower in S. nungarinense (Wongan) than in S. nungarinense (southern) and the other widespread species, but comparable to the geographically restricted species S. chiddarcoopingense, S. maritimum, and S. sejunctum. Lower levels of genetic diversity in S. chiddarcoopingense, S. maritimum, S. sejunctum, and S. nungarinense (Wongan) are likely due to a number of factors. Fluctuations in population size and repeated bottlenecks associated with ongoing Pleistocene climatic instability may be primary determinants. Habitat specificity also is a likely factor, with three taxa confined to breakaways (Jutson, 1934) and rocky slopes associated with granite outcrops (S. chiddarcoopingense), banded ironstone (S. sejunctum), and laterites (S. nungarinense [Wongan] ), while S. maritimum is restricted to coastal dune systems. In addition, the close phylogenetic relationship between S. chiddarcoopingense, S. nungarinense (Wongan), and S. nungarinense (southern) suggests that lower levels of genetic diversity in the two rare and geographically restricted taxa may be due to founder events associated with relatively recent divergence and isolation.
While the relationship between lower levels of genetic diversity and restricted geographic distribution are likely to be a consequence of habitat specificity and stochastic processes associated with population size fluctuations, inbreeding also may be important (Barrett and Kohn, 1991; Ellstrand and Elam, 1993) . The only species in the complex to show no reduction in seed set due to post-zygotic seed abortion following self-pollination (Coates, 1981) , S. maritimum, has the lowest levels of genetic diversity of any of the taxa. This suggests that inbreeding associated with selfing may be a significant determinant of low levels of genetic diversity in this species. Interestingly, despite having an overall deficit of heterozygotes, the magnitude of the deficit was low compared with other taxa. Consistently higher fixation indices were observed in populations of other rare and geographically restricted species, S. chiddarcoopingense and S. sejunctum. Inbreeding is also likely to be contributing to the reduced levels of genetic diversity observed in the small isolated populations of both of these species.
Despite reduced levels of genetic diversity in geographically restricted taxa this trend is not consistent across all such taxa in the complex. Two other rare and geographically restricted taxa, S. wilroyense and S. sp. (Clackline), show comparable or in a number cases significantly higher levels of genetic diversity than the two most widespread species S. affine and S. caricifolium. A number of explanations have been given for unexpectedly high levels of genetic variation in rare and geographically restricted species. These include recent origin and retention of high levels of variation from a widespread progenitor (Gottlieb et al., 1985) , hybridization (Smith and Pham, 1996) , maintenance of relatively large populations (Young and Brown, 1996) and long-term stability of populations occupying refugia (Lewis and Crawford, 1995) , and relatively recent fragmentation of previously widespread species (Karron, 1991) .
Morphological, cytogenetic (Coates, 1981; Coates and James, 1996) , and phylogenetic analyses based on allozyme data strongly support the notion that S. sp. (Clackline) is of hybrid origin involving past hybridization between S. affine and S. caricifolium, with subsequent limited range expansion. Increased genetic variability in this taxon appears to be due to combinations of alleles found in both putative parental taxa and the presence of novel alleles that have probably arisen post-hybridization or as part of the hybridization process (Coates and James, 1996) .
In contrast, there is no clear explanation for the high levels of genetic variation in S. wilroyenese. Phylogenetically this species is the most distinctive in the complex, although there is no indication that it differs in terms of life-history characteristics or breeding system. It is known only from one population of some 200 plants in a heavily cleared landscape.
Perhaps S. wilroyense had a wider distribution, with all other populations eliminated by land clearing over the last 50 yr. While recent loss of habitat probably has been a major factor causing rarity in this species, it is also possible that it always had a restricted distribution but persisted in relatively large populations. Any recent reduction in population size following land clearing may not have been great enough to cause a de- Fig. 3 . Relationships between populations within Stylidium caricifolium, S. affine, S. nungarinense, and S. chiddarcoopingense based on the best tree topology (shortest length tree) evaluated using a modified Wagner method, which applies the principle of parsimony to gene frequency data (Swofford and Berlocher, 1987) . tectable loss in genetic variation. It is also possible that insufficient time has elapsed since land clearing for drift and inbreeding effects associated with reduced population size to have any significant effect. A similar explanation has been given for the lack of any detectable reduction in genetic variation in small fragmented populations of the rare Lambertia orbifolia (Coates and Hamley, 1999) .
While a reduction in genetic diversity is often evident in rare and geographically restricted species compared with widespread species, a trend to less genetic structure has not been observed generally in comparisons between rare and widespread congeners (Gitzendanner and Soltis, 2000) or in broader comparisons between species with contrasting geographic ranges (Hamrick and Godt, 1989) . Explanations for this include confounding effects due to differences in life history, taxonomic biases, different evolutionary histories, and sampling strategies (see Hamrick and Godt, 1989; Godt and Hamrick, 1999 ). In this study the level of divergence within taxa was moderate, with a significant trend from higher F ST values for the more widespread taxa S. caricifolium, S. affine, and S. nungarinense (southern), to lower values for the more geographically restricted taxa S. maritimum and S. sejunctum, and lowest values for the most geographically restricted taxa S. chiddarcoopingense, S. sp. (Clackline), and S. nungarinense (Wongan). These findings provide support for theoretical predictions, based on an isolation by distance model, that genetic structure should decrease with a decrease in geographic range (Godt and Hamrick, 1999 ).
An important consideration in assessing population genetic structure within a species is the evaluation of isolation by distance and the individual effects of gene flow and drift. Even within a species there may be regional differences in the presence and patterns of isolation by distance (Hutchison and Templeton, 1999) . It seems likely that comparisons in genetic structure between closely related taxa, whether they be geographically restricted or widespread, will also be confounded by isolation by distance patterns. Although we have not investigated isolation by distance in all taxa in this complex, largely because of sampling difficulties in the rare and geographically restricted taxa, we did find evidence for isolation by distance in the two most widespread species, S. caricifolium and S. affine. However, the relative influences of gene flow and drift appear to differ between populations of these two species. In S. caricifolium there was a highly significant positive relationship between F ST and geographical distance and a significantly greater scatter of pairwise F ST -geographical dis- (Hutchison and Templeton, 1999) . In contrast, in S. affine, despite the significant positive relationship between F ST and geographical distance, there was no evidence for gene flow drift equilibrium, although this condition could be confounded by the presence of two geographically and phylogenetically distinct population groups (Fig. 3) within this species. The findings from this study highlight a number of general issues raised by various authors in relation to rarity and its causes (Fiedler and Ahouse, 1992; Kunin and Gaston, 1993; Fiedler, 1995) . Rarity results from a wide array of causes, and patterns of rarity cannot be generalized in any simplistic fashion. The phylogenetic and biogeographical data indicate a number of different causes of rarity in the S. caricifolium complex and thus different expected outcomes in relation to the maintenance of levels and patterns of genetic diversity. Low levels of genetic diversity in four of the six rare and geographically restricted taxa can be attributed to one or a combination of population size effects, habitat specificity, recent speciation, and breeding system. Higher levels of genetic diversity in the other two rare taxa can be explained by hybridization and possibly large population sizes prior to recent land clearing and habitat destruction. In contrast the pattern of genetic divergence among populations within taxa follows a consistent trend based on geographical distribution and appears not to be influenced by other factors that may be contributing to rarity in any one taxon.
Evolutionary patterns, chromosome change, and speciation-Chromosome differences and generally high levels of allozyme divergence between taxa support the recognition of the seven currently recognized species in the S. caricifolium complex. These studies also support earlier findings (Coates and James, 1996) that there are two additional taxa. One is thought to be a stabilized hybrid derivative (S. sp. [Clackline] ) and the other a biogeographically distinct form of S. nungarinense in the Wongan Hills area. The level of divergence between taxa combined with phylogenetic, cytogenetic, and biogeographic evidence raises a number of issues in relation to the evolution of this complex and Stylidium in general.
The extensive speciation in Stylidium in the South-West Botanical Province has been attributed to factors such as adaptive diversification associated with complex soil mosaics (Carlquist, 1969) and versatility in the pollination mechanisms (Carlquist, 1969; Armbruster et al., 1994) . At a broader level, significant climatic oscillations throughout the Pleistocene also have been strongly implicated in Stylidium evolution (Coates and James, 1996) . Based largely on earlier suggestions concerning the relatively recent origin of a significant component of the high vascular plant diversity found in the southwest region (Hopper, 1979) , speciation and diversification in the genus has generally been considered to be relatively recent (Coates and James, 1996) . Triggerplant evolution is also characterized by widespread chromosome repatterning with haploid chromosome numbers ranging from n ϭ 5 to n ϭ 16 and species with the same haploid number usually having distinctive karyotypes (James, 1979; Coates, 1981 Coates, , 1982 . This indicates that even closely related species are separated by multiple chromosome rearrangements. Given the level of chromosome change within the genus, James (1979) and Coates and James (1996) postulated that chromosome change has played a significant role in Stylidium evolution and speciation. This led to the suggestion that recent speciation postulated in the genus may have been rapid and associated with chromosomal repatterning (Coates and James, 1996) , similar to the saltational speciation model proposed by Lewis (1966) . Recent speciation associated with chromosome change might be expected to result in low levels of genetic divergence between closely related species (Gottleib, 1984; Sites and Moritz, 1987; Crawford, 1989) . However, this was not evident in this study (Table 4) , with most species pairs in the complex showing relatively high levels of divergence.
An alternate evolutionary pattern more compatible with recent molecular and palaeobotanical observations on other plant groups in southwest Australia is that speciation and intraspecific differentiation in this complex has occurred over a much greater period of time. CpDNA studies on closely related species pairs in the genus Acacia indicate levels of divergence into the Pliocene (Byrne et al., 2001 (Byrne et al., , 2002 , while at the intraspecific level high allozyme divergence has been reported for disjunct populations of Lambertia orbifolia (Coates and Hamley, 1999) with cpDNA nucleotide divergence (0.223%), again suggesting Pliocene separation between the two population groups (Byrne et al., 1999) . Similarly, population genetic studies on 34 species in southwest Australia reviewed in Coates (2000) show that 22 geographically localized and rare species have historically fragmented or disjunct populations with a relatively high proportion of genetic diversity apportioned between populations, compared with the average estimate for flowering plants (Hamrick and Godt, 1989) . In relation to this complex, it is interesting to note that the coastal dune endemic S. maritimum probably evolved in conjunction with the development of coastal dune systems that appeared in the late Pliocene, while the phylogenetic evidence suggests that S. wilroyense may be older.
In conclusion, patterns of genetic variation in the S. caricifolium complex can be attributed to a range of factors associated with the mode of origin of the taxon, geographical distribution, habitat specificity, and historical and ecological processes that characterize the southwest region. Most taxa in the complex appear not to be evolved recently with the probable exceptions of S. chiddarcoopingense and S. nungarinense (Wongan). Reduced levels of genetic variation and less genetic structure are a feature of a number of rare and geographically restricted taxa. Yet there are notable exceptions: the most phylogenetically distinct species in the complex, S. wilroyense, has some of the highest levels of genetic variation in its single population. Although the findings from this study generally support predictions that rare and geographically restricted species will have reduced genetic variation and less genetic structure, they also indicate that causes and patterns of rarity and geographical localization are often complex. These findings highlight the potential for further studies in this ancient flora that may provide useful comparisons to more recently evolved floras in relation to the causes of rarity and their genetic consequences. Such studies may not only improve our understanding of evolutionary processes in highly endemic floras, but also better inform the management and conservation of genetic resources of many rare and often threatened plant species.
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